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SOME FACTORS AFFECTING FABRICATION AND HIGﬁrTEMPERATURE
STRENGTE OF MOIYBDENUM DISILICIDE

By W. A. Maxwell

SUMMARY

In an investigation of the properties of molybdenum disillcide, a
fTine-grain material having a moderately high oxygen content has been
produced by cold-pressing and sintering, end a large-grasin meterial
heving a lower oxygen content and a density of 99 percent of the theo-
retical density has been produced by hot-pressing.

In a series of experiments with the fine-grain materlisl in which
the only varisble wes the amount of carbon added, marked increases in
modulus-of-rupture strength were found at carbon contents between 0.15
and 0.3 percent. Improvements in the long-time deformation properties,
as shown by the flexure-creep test, and decreased high-temperature
plasticity accampanied the carbon additions. The Knoop hardness was
11860.

The beneficial effects.of carbon additions on strength are attri-
buted to partial deoxidstion of the materisl, particulerly the reduction
of molybdenum oxlides, and the formetion of silicon carbide and other
carbides.

Exceptionally high short-time strengths, in comparison with other
high-~temperature materlisls, were obtalned with sintered molybdenum
disilicide conteining from 1.0 to l.4 percent oxygen. The effects of
such oxygen contents on sintering and binding may be beneficial.

The large-grain, hot-pressed molybdenum disilicide having a low
oxygen content possessed superior high-temperature deformation resist-
ance, slightly inferior short-time strength, and decreased high-
temperature plasticity as compared with the fine-grain molybdenum disili-
cide to which carbon was added.

INTRODUCTION

Molybdenum disilicide (MoSi,) has been found to possess several
valusble properties, among them.outstanding oxidation resistance and
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high~temperature strength (references 1 and 2). Such a material might
be of great value for use in gas-turbine engines and for other applica-
tions; & program was therefore initieted at the NACA Lewis laboratory
to study factors affecting the fsbrication and the preparation of MoSi,
ip relation to its strength at high temperatures.

The propertlies of extremely flne-particle-size vacuum-sintered
specimens of MoSi; are compared herein with the properties of

specimens investigated in reference 1. As carbon was found to have a
strengthening effect on MoSipz, its effect as a deoxidlizing agent was

investigated. Because the effect of oxygen on the strength of molybdenum
disilicide is of interest, a modified hot-pressing method of preparing
specimens having a comparatively low oxygen content was utilized
although the method introduced changes in particle size and in other
variables. In order to assure complete countrol of fabrlcation, all
specimens were prepared at the Lewis laboratory.

APPARATUS AND PROCEDURE
Preparation of Specimens

Preparation of powders. - Two types of powder were used. Fine-
particle~size powder for the carbon-addition experiments was prepared
and ground as described in the sppendix. For the preparation of the
coarse~-grain hot-pressed specimens, a commercislly available high-
purity -100-mesh~powder MoSi, manufactured by the Electro Metallurgi-

cal Division of the Union Carbide and Carbon Company end similar to that
described in reference 2 was used.

Fine-particle powder (lot-15) for sintering and carbon-addition
experiments was ground 96 hours in water. The following size determi-
nation was made by microscoplec methods:

Particle size | Percent—of particles _
(microns)
6 or less 100
1 or less 98
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The following size determination of commercial MoSi, was made by
sleve analysils: '

Meeh Percent of pearticles
+100 trace
-100, +200 24
-200, +325 17
-325 59

The commercial MoSi, for hot-pressing was ground 16 hours in

cyclohexane and the following size determinstion was made by miecroscopic
methods:

Particle size Percent of particles
(microns)

Greater than 15

Less than 15, greater than 11
Less than 11, grester than 7
Less than 7, greater than 3
Less than 3, greater than 1
Less than 1

BaEurp

Additions to powders. - Carbon was added to the powder in the form
of powdered grasphite. The constltuents were blended by hand and then
passed twice through a set of three 100-mesh sieves. Boron was added
as molybdenum boride containing 10.03 percent boron.

Presging. - Rectangular bars 0.2 by 0.4 by 2.5 inches were formed
by pressing in a chromium-pleted steel die, which was assembled in such
a way as to be held together during pressing by the force of a ram
acting at right angles to the pressing force (fig. 1)}. The dle was
assembled on the platen of a tensile machine and the pressing pressure
was Indiceted on the dial. With the ram pressure released, the die
could easily be disassembled and the compact readily removed.

The rectangular bars were repressed at a pressure of 40,000 pounds
per square inch by the hydropress method by enclosing them in thin-
walled rubber tubes that were then submerged in oll In e pressure vessel.

Sintering. - The sintering operation was cerried out in a bell-jar-
type vacuum induction Ffurnace. The recbangular bars were contained in
an slundum crucible wound tightly with tungsten wire and enclosed within
a larger crucible. The tungsten wire, which was heated by induction,
served as a highly efficient heater block and alsc to some extent as =a
radiation shield. Temperature control was mepual with temperature belng
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determined wilth an optical pyrometer sighted on the specilmen through a
hole in the crucible cover. The indicated temperatures were held to
within +20° F.

In the sintering cycle, all of the specimens except the two noted
in table I were

(1) Held in high vacuum in the cold furnace overnight; this was =
matter of convenience a.lthough some cold out—gaasing is proba.'bly
advisable.

(2) Heated to & visible reddening of the specimen in 1 hour
(3) Hested to 2000° F in 1 hour

(4) Held in the range 2000° to 2100° F for 1 hour

(5) Heat to 2500° F in 1 hour

(6) Held at 2550 x50° F for 2 hours

(7) Cooled in furnace with power off

Heating cycles were reproduced with no apparent variations from
batch to batch. Chamber pressures were alweys less than 10 mlcrons,
holding at 7 microns for most of the cycle. :

Hot-pressing. - Molybdenum disilicide having a low oxygen content
was prepared by hot-pressing relatively coarse commercisl powder
(-100 mesh) containing added carbon. Pressing was done in grephite
dies at & pressure of 2400 pounds per square Iinch; temperatures and
time periods are shown in teble II. The losd was applied to the plunger
through a 3:1 ratio lever system actuated by a hydraulic ram. Chenges
in volume of the compact were Indicsted on & scale by a polnter con-
nected to the same lever system but reading at a 24:1 ratio. As the
scale was easlly read to 0.05 inch, plunger movements of 0,002 inch
could be determined.

With the use of a circular plunger, flat disks 2 inches in diameter
were produced. Cutting the disks with a dlamond cut-off wheel produced
two rectangular bars and two D-shaped end pieces per pressing.

Evelustions

Strength evaluation. - 0Of the several possible methods of evelusat-
ing high-temperature strength, the modulus-of-rupture test was selected

2359
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for the short-time strength snd a modificstion, the flexure-creep or
long~time modulus-of-rupture test, was used for comparison of the long-
time deformstion properties.

Both short- and long~time modulus~of-rupture tests were carried
out in the spparatus described in reference 1. The arrangement con-
sisted of a specimen set on two supporting knife edges with & central
opposing knife edge loaded through a lever system by a controlled flow
of water into a recelver. A scale mounted behind the lever system per-
mitted measurement of specimen deflection to 0.0l inch.

For short-time tests the water flow was controlled through a
rotameter to give a rate of loading of 2000 poundes per square inch per
minute. This rate of loading 1s that selected as standard in
reference 3.

For the long-time modulus-of-rupture tests the specimen. were
loaded to the desired stress at the same rate and the load was main-
tained for the desired time. Specimens were set on a Z2.0-inch knife-
edge span for cold-pressed and sintered bodies apnd on & 1.5~inch span
for hot-pressed bodies.

Chemical analysis. - Determinetion of molybdenum, silicon, and
carbon were made by conventional means. The exact determination of
molybdenum sppears particularly difficult; this is born out by the
compilation of Hillebrand and Lundell (reference 4)., In order to
obtain informestion concerning the precision of the molybdenum determi-
natlons on molybdenum disilicide, samples of powder were teken from a
lot in such & manner as to assure uniformity; without identification,
these samples were submitted to three analysts; one analyst received
two samples at different times. Results were:

Analyst - Molybdenum reported
(percent)

A 61.5
B 63.46
c
c

62.54
(second sample) 83.18

If the results of anselyst A, are disregarded, a spread of approxi-
mately 1 percent appears to be the best precision to be expected. The
results are listed to two decimal places as reported by the amnalysts,
but in the light of these analyses even the first place is not signifi-
cant; therefore, limited emphesis has been placed on the analysis of
the majJor constituents.
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Oxygen determinations were made by the vacuum-fusion method at
Battelle Memorial Institute. The precision of analysis was stated by
the snalyst to be +10 percent of the values as given in tebles I and IIT.
Nitrogen was determined simulteneously with oxygen in a few samples.

The reported value indicates the order of magnitude of the nitrogen con-
tent; as it was not intended to investigate the effect of altrogen on
the properties of molybdenum dlsilicide in this study, this was con-
gidered sufficient.

Silicon carbide was ldentified in molybdenum dlsilicide containing
carbon as follows: 3.78 percent carbon was added to the powder and
bars were pressed and sintered in the usual way. A sample was then
dissolved in mixed hydrofluoric and nitric aclds to leave the so-called
free carbon fraction as an insoluble residue. This resldue was then
ignited without addition agents In an salundum bost in the conventional
carbon gpparetus. The material was then pulverized and powder X-ray
patterns were taken. These patterns were found to coinclde with those
from a semple of silicon carbide.

Dengity determination. - Densities were determined by the water
immersion method; the bars were supported during welghing on a fine
wire. The welght of the wire was kept below 0.0l gram and ess samples
welghed spproximately 20 grams, no corrections for the wire weight
were necessary to obtaln an accuracy of +0.0l. For pressed compacte
and porous bars, the density was estimated from volumes calculated from
micrometer measurements and welghts.

Determination of particle size. - Microscopic methods were used
for particle-gize analysis. The powder sample was dlspersed in acetone
on a glass sllide and the particles were messured with a filar eyepiece
or, for the larger particle powders, photographed end measured on photo-
graphs. Measurement of particles smaller than 1 micron was not con-
sidered feasible. .

Metellogrsphy. - Microscople examination has, in general, been
limited to inspection for slze and distribution of volds and grain size.
Barly in the investigation it was discovered that because of the optical
anisotropy of MoSi,, polarized light brought out the grain structure

of the material in a manner conslidered superior to and more convenient
then etching (figs. 2 and 3). An etching solution of 10 grems of
sodlium hydroxide and 10 grams of potassium ferricyanide in 100 milli-
liters of water, however, was occasionally used. The solution was used
at the bolling point for perilods as long ss 5 minutes. A sample so
prepered is shown in figure 2(c).

2359 .
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X-ray diffraction messurements. -~ Standerd procedures were used for
obtaining powder patterns. Back-reflection patterns were taken from the

surfaces of metallographic specimens at a gpecimen-to-f1lm distance of
3 centimeters.

Hardness. -~ Knoop hardness of samples was determined using a Tukon
tester with & Knoop indenter and = l-kilogram load. Iength of indenta-
tion was measured with a filar eyepiece at 500 magnificetion.

RESULTS AND DISCUSSION
Fine-Particle Sintered Material

Pressing characteristics. - Representative density relations for
the material at various stages of fsbrication are:

g/ml

Powder, bulk @ensity « ¢« v ¢ ¢ o« ¢ o o ¢ o« o o s s ¢ o o 8 8 4 2.0

Pressed at 10,000 1b/s 3.2

Repressed at 40,000 1b/sqg in. « e s e s s e s s e s e 3.7

Sintered after pressing at 10,000 1b/sq in. e e e e e e e e e . 6.0
Sintered after pressing at 10,000 1b/sg in.

and repressed at 40,000 1b/8q 1n. .« « « « « « « o & o e 4 o . 6.0

Bars of sintered MoSi, pressed at 10,000 pounds per square inch

were comparatlvely strong and meintained shserp edges if handled with
reasonsble cdre. Bars repressed st 40,000 pounde per squere inch, in
sddition to having higher density, were noticesbly stronger in the
green state, slthough the final sintered density was the same. Whereas
the double pressing technigue was used throughout the work because it
produced compacts more egsglly handled in welghing and other operations,
1t eppears probsble thalt low-pressure compacting in steel dies is
sufficient.

Oxygen content and densities of fine-grain bodies. - Chemical
anslyses of various forms of molybdenum disilicide are given in
teble ITI. The original powder (lot 15) contained 1.5 percent oxygen,
which was reduced to as little as 0.15 percent by the addition of suf-
ficient carbon. Density variations sccompanylng these carbon additions
are shown in teble I. It was apparent that although the oxygen conbtent
could be reduced, the necessity for preparing a sound body required
that the amount of carbon which could be used without producing unde-
sirable porosity be limited to 1 percent or less.

As the high-strength, cold-pressed and sintered bars contained
from 1.0 to 1.4 percent oxygen and were therefore far from belng pure
MoSi,, the demslty of these bars cannot very well be compared with the

density of pure MoSiz. Without full knowledge of the form in which

—
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oxygen is present, the density of the mixture cannot be calculated. It
was considered of interest, however, to approximste the density of
MoSi, contalning 1 percent oxygen. The assumptions were made that all

the oxygen occurred as Si0;, that the silica was in the form of

a-cristobalite (the oxide found in the surface £1lm (reference 5)),
and that it end the MoSi, would be present as a mechanical mixture.

Then, for 100 grams of a 1 percent oxygen mixture, 1 gram of oxygen
is equivelent to 1.88 grams of $Si0; and 98.12 grams of MoSl, remain.

1.88

The volume of the silicae is 2 55 = 0.81 milliliter, and the MoSi,
9—2‘—:12';‘3 = 15.72 milliliters. The total volume weighing 100 grems is

16.53 milliliters and has a density of 6.05 grams per milliliter or
96.9 percent of the theoretical density of pure MosSi, (6.24 grams

per milliliter, reference l).' This value indicates that a marked
change in density could occur in MoSi, containing oxygen. It is also
probable that the sintered bars listed in table I are closer to their
highest possible density than is indicated by c¢omparlsodr with pure
MoSi,.

Effects of carbon on short-time strength. - The modulus-of-rupture
strength of material produced by the varlous methods described herein

and that of the material described in reference 1 are compared at vari-g

ous temperstures in fligure 4. The stre of some materials is not -
given for temperatures greater than 2000~ ¥, as it was found that=at
2200° F these bars deformed plastically to such an extent that the test
had no meaning. Values at temperstures above 2000° F are given for
materials which suffered only slight deformdtion at these temperatures;
2000° F was chosen as the general comparison temperature. Modulus-of-
rupture velues, densities of sintered barse, percentege of carbon added,
end percentage of caxbon found in the sintered bars are given in

table I. As cerbon additions had an effect on both density and
strength, modulus~of-rupture values are given for bars of material from
lot 15 in which the only variable was the density.

Marked improvements in modulus-of-rupture strength are spparent—in
figure 4 for all materials prepared since the preliminary investigation
reported in reference 1. The strength of sintered materisel without
carbon addition is noticeably greater than that of the msterisl dis-
cussed in reference 1, which had a lower oxygen content and lower den-
sity. This improvement may be attributed to higher density and generel
improvements—in technique. The addition of carbon to the sintered
material also resulted in a marked improvement in short-time strength.
Optimm strengths are attalined when sufficlent carbon 1s added to

2359
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leave approximstely 0.15 ta. 0.3 percent carbon in the sintered bar
(table I As mentioned before, the amount of carbon that may be added
is limited by the increase in porosity that results. A comparison of
material containing 0.29 percent carbon with material Yo which no car-
bon had been added is shown on two curves of figure 4.

As these carbon additions had such a marked effect on cold-pressed
and sintered material, it was considered of interest to determine the
carbon and oxygen contents of the high ultimate %ensile-strength, hot-
pressed materisl reported 1n reference Z. The anelyses were:

Carbon

Ultimete Oxygen |Nitrogen
tensile | (percent|(percent| (percent
strength by by by
(1b/eq in.)| weight) | weight)| weight)
42,600 at
2200° F 0.36 1.4 0.41
37,000 at '
2200° F .22 2.2 .12
42,000 at ) ’
2000° F .20 2.2 ——

It 1s evident that the high-strength forms of MoSi, contain car-

bon within or slightly beyond the optimum range found for the esintered
specimens, and that the oxygen content, whick is even higher than in the
present Invéstigation, did not detract from the o’utst‘endins strength.

A compearison of the plestic behavior of lot-l5 bars with and with-
out carbon additions is given on figure 5 in which modulus-of-rupture
stress is plotted agasinst elongation.

Tn addition to the deoxidizing effect of carbén, which will be dis-

" cussed later, there are two other mechanisms by which carbon might

affect the strehgth of MoS:L'z: the formstion of a new phase such as
sllicon carblde snd the formation of an interstitisl so0lid solution.

The method of identification previocusly described demonstrated that
silicon carbide is formed in molybdenum disilicide containing carbon.
This cerbide might reasonably be expected to have e strengthening snd
possibly a hardening effect on MoSis. '

X-rey techniques, both powder and back-reflection, showed no shift-
ing of the lines in semples containing wvarious amounts of carbon. In
view of this lack of evidence for the formation of an interstitial
so0lid solution, it sppears possible thet at least a lerge percentage of
the residual carbon in sintered MoSi, 18 in the form of silicon car-

bide. The formation of carbides with molybdenum might also occur,
especially with free molybdenum.
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Effect of boron addition. - The addition of boron to MoSi, was

of much less interest than the sddition of carbon. Pure boron snd’
borides sre obteained with difficulty and the element is fax more expen-
give in all forme than cerbon. -However, the results of a few experli-
ments indicate that the addition of 0.12 percent boron as molybdenum
boride increased the modulus-of-rupture strength of sintered bars at
2000° F from 51,000 to 88,000 pounds per square inch.

Coarge~Grain, Hot-Pressed Material

In reference 5, 1t 1s shown that MoSip powder oxldizes readily

in air; this is probably a surface effect, reducing the particle surface
area by incressing the particle size should reduce the final oxygen con-
tent. Hot-pressing eppeared to be the most convenient method of fabri-
cating high-density specimens from coarse powders. In comparing the
specimens of high oxygen content with hot-pressed materiel, 1t must be
noted that not only is the amount of oxygen reduced but alsc that, of
necessity, a marked difference in particle size accompanies the change.

Forming characteristics. - Fabricatlon varlables were investigated
only enough to ensble the producticn of high-denelty material. Effects
of the mejor varisbles are summsrized in table II, which shows that
16 hours of grinding was sufficient to produce a high denaity (99 per-
cent of the theoretical) body and that e pressing temperature of 3100_‘:_’ F
was satisfactory. Whereas the densities obtained at 3200° F are the
same as for 3100° F, the strength is less. This phenomenon may be
aettributed to decompbsi‘bion at the higher femperature. Samples made at
3100° F were therefore used for flexure-creep and other tests. The hot-
pressing load was maintalned for e l/ 2-hour pericd et temperature in the
hope that the time wae long enocugh for some deoxidation to teke place
and yet short enocugh.to avold the effects of decomposition reactions.
Motion of the plunger as shown by the lever system indicated that
shrinkage of the compact was taking pla.ce up to the final 5 or 10 min-~
utes of the time at temperature.

The resulte of chemical analyses of hot-pressed bodies are glven.
in teble ITI and photomicrographs are shown in figure 2. The only impor-
tant—impurity found in the material was iron picked up in milling. The
purification process described in the appendix successfully removes -
iron from far finer powders but as it wae desired {0 avold any possi-
bility of further oxidation and in view of the work reported in refer-
ence 2, in which no deleteriocus effect from simller iron contents was
found, no effort was made to remove the iron contaminant.

6G9¢2
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Short-time strength. - Modulus-of-rupture values for the hot-
pressed materisl are plotted in figure 4. The maximum strength of the
hot-pressed material at a tempersture of 2000° F isg slightly lower than
that of sintered bars. As the hot-pressed materisl is less plastic,
strength values at 2200° F are slsoc given. A curve showing the stress-
strain relations for the hot-pressed materisl is presented in figure 5.
Limited pléastic deformstion is evident as compaered with the fine-
particle sintered materiel.

Comparison of Cold-Pressed and Sintered, and Hot-Pressed Materlal

Long-time properties. - A comparison of the long-time deformation -
as shown by the flexure-creep test for the hot-pressed material is con-
trasted with that for sintered bers both wlth and without added carbon
in figure 8. )

Because the flexure-creep test has not been correlated with con-
ventional creep and stress-rupture deta, the method can serve only as
8 comparsative evaluation. The superiority of the coarse-~grained, hot-
pressed meterial having a low oxygen content is evident in figure 6,
but the addition of carbon with the related reduction in oxygen content
to high-oxygen-~content sintered msterial also has a pronounced benefi-
clal effect on long-time deformation.

Although the short-time strength of the iOWhoxygen-content hot-
pressed MoSly. was slightly inferior to that of the fine-grain bars

contalning 0.29 percent carbon, the long-time deformation properties are
apparently much superior. For turbine blade and other applications, the
long-time properties are of the greatest inportance and such s material
would be superior to one having a better short-time tensile strength but
poor long-time properties.

Comparison of hardness. - Representative hardness values for three
forms of MoSi, are:

Material Oxygen Carbon |Knoop hsrdness

 |(percent) | (percent} nunber
Hot pressed. : 0.42 | 0.34 848
Lot 15, no added carbon 1.4 09 [ 1085
Lot 15, added carbon 1.0 «35 1163

Differences such as those between Knocop hardness numbers of 1163
and 1065 may not be of sufficient significance to indicete a trend.
However, lower hardness for the hot-pressed materiel is indicated.

-
t
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A Knoop hardness of 850 has been reported for hot-pressed MoSis
(reference 2) snd of 1190 for siliconized wire (reference 6).

Comparison of high-temperature plastic behavior. - At elevated
temperature, all materials show straight-line elastic deformation in
the first part of the stress-strain curve (fig. 5). The hot-pressed
material, however, exhiblts a longer straight-line portion of the curve
and the total deformation is much less than for the fine-particle
material either with or without carbon addition.

Comparison of short-time strength. - Modulus-of-rupture strength
for various representative msterials now under investigation for high-
texmperature use are given in figure 7. It can be seen that molybdenum
dieilicide at 2000° F is exceeded in short~time strength only by zir-
conium boride.

Structure. -~ Photomicrogrsphs of cold-pressed and sintered
and hot-pressed MoSiz are shown in figures 2 and 3, under normal
and polarized light. Dlfferences in grain size, and shape and distri-
bution of the voids are evident. The volds appear to be numerous and
toc large to correspond to the densities glven, especially for the
hot-pressed material at a density of-6.20. Direct observation with the
microscope indicates more clearly then these photographs that a large
portion of these voids have s shape end surface which may be the result
of the removal of material during polishing. ITmproved technique in
polishing can greatly reduce the number of these voids. The volids are
of two types, one type 1s characterized by large vacanies with rough
edges, and the other ss small holes with concholdel surfaces. The
large volds might be explained as vacancies left behind when grains or’
groups of grains sre torn out. The effect of overetching with the
sodium hydroxide, potassium ferricyanide solution (fig. 2(c)) indicates
that these pull-out holes are the first to be attacked by the etchant,
an effect to be expected if the surface of the volds differs slightly
in composition from the mass of the body.

The photomicrograph taken under polarized 1ight (fig. 2(b)) shows
the presence of enlarged grain boundaries for a few scattered grain '
faces. This phenomenon could be ceused by oxide lmpurities at these
surfaces, and it is belleved that the relatively large amount of oxide
present in some samples is found at these grain bounderies and results
in the pull-out of material during polishing. In this connectlon, 1t
may be noted that no large separate bodles of impurities have been
observed in metallographlic specimens of satisfactory quality, although
inclusions have been found in highly impure material. Because 1t is
believed that oxide impurities of any size would be particularly appar-
ent under polarized light, the fine dissemination of the oxide and its
possible ‘presence in the pull-out material is indicated.

2359
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Effect of Oxygen on Sintering and Mechaniecsl Properties

Because of the deoxlidlzing effect of .carbon, shown in tables I
and IIT, 1t was not possible to evaluate carbon and oxygen as separate
variebles by the carbon addition .method. The preparation of the low
oxygen content, hot-pressed material introduced grain-size changes and
other variables. Thege interrelations make it difficult to assess the
effects of oxygen on such properties as strength. However, ceriain
hypotheses mey be advanced.

It has been shown (reference 5) that solid bodies of molybdenum
disilicide are prevented from oxidizing by the formation of & protective
coating containing silice in the form of a-cristobalite. Also, fine-
particle-size powders such as were used in the preparation of the
specimens described herein were found to oxidize in air at room tempera-
ture. The oxidetion of the powders would probably result in the forme-
tlon of a silicious coating on the particles with the simulteneous for-
mation of molybdenum oxides. These oxides would then be incorporasted
into the gpecimens on sintering or hot-pressing. The presence of the
oxide MoOz, with its high vepor pressure at 1500° F, in a sintered

body might be expected to have a deleterious effect on the strength of
the body at 2000° F. Part of the beneficilal effect of carbon on the
strength of MoSi, may be due to the reductlon of traces of MoOz or

other molybdenum oxides In the bodles. The strong reducing atmosphere
to be expected within the grephlte blocks at temperatures used in. hot-
pressing might also have the same effect. By this theory, a removal of
only part of the oxygen could be expected to have a strengthening efféct
on molybdenum disilicide, a conclusion in line with the results shown
in taeble I for the carbon addlition experiments. The form in which the
oxygen occurs in the body may be more important than the total quantity
of oxygen but the lowest oxygen content evalusted, 0.42 percent for hot-
pressed material (teble III), is a guantity which might be expected to
have an undesiraeble effect on a metal or alloy. The data of figure 7
contrasting the strength of MoSi, with that of other high-temperature

materials show that if the effect of oxygen is deleteriocus the product
8till remsins satisfactory by comparlson.

Oxidaetion data (reference 5) show that the protective oxide layer
on Mo3i, Dodies 1s extremely adherent. If silica in the coating

adheres tightly to mecroscopic bodies, it would seem possible that the
powder particles might be bonded tightly together by sillica in the grain
boundary materiel. Sintering of powder compacts might be assisted by
the presence of small quantities of silica. However, a siliclous grain-
boundary material might prevent grain growth. As the melting polnt of
the silica (epproximately 3100° ¥, depending on the form) is below that
of MoSis (3500° £100° F), the sllica may be more plastic at the
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sintering temperature. Although these effects of sllica or other forms
of the oxide sppear to be elther beneficilal, or at least not very
injurious, other effects may be deleterious and are given as possibili-.
ties. If the thermal properties of the oxide in a graln boundsry were
unsuiteble, the thermal-shock resistance would be lowered. FPlastlcity
in the grain-boundary material which might be beneficisl to sintering
might also result in increased long-time deformation. The poor defor-
mation properties of. the fine-particle-size specimens having a high
oxygen content might be, at least in part, attributed to the oxygen
content. .

SUMMARY OF RESULTS

In an investigation of the properties of molybdenum disilicide, a
fine-grain material having a moderately high oxygen content has been
produced by cold-pressing and sintering, and a large-grein material
heving a lower oxygen content and a density of 99 percent of the theo- =
retical density has been produced by hot-pressing.

1. In e series of experiments with the fine-grain materiel in which
" the only variable was the amount of carbon added, marked increases in
modulus-of-rupture strength were found at carbon contents bebtween 0.15
and 0.3 percent. Improvements in the long-time deformation properties,
as shown by the flexure-creep test, and decreased high-temperature
plasticity acccmpanied the carbon edditions. The Knoop hardness

was 1160.

2. The beneficial effects of carbon additions on strength are
attributed to partisl deoxldetion of the materisl, particularly the
reduction of molybdemum oxides, and the formation of silicon carbide
end other carbides.

3. Exceptionally high short-time strengths, in comparison with
other high-temperature materials, were obtained with sintered molybde-
num disilicide containing from 1.0 to L.4 percent oxygen. The effects
of such oxygen contents on sintering and binding may be beneficisal.

4. The large-grain, hot-pressed molybdenum disilicide having a
low oxygen content possessed superior high-tempersture deformation
resistance, slightly inferior short-time strength, and decreased high-
temperature plasticity as compared with the fine-grain molybdenum
disiliclde to which carbon was added.

Lewis Flight Propulsion Laborstory -
Nationsl Adviscory Cammittee for.Aeronautics
Cleveland, Ohlo
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APPENDIX
PREPARATTON AND PURIFICATION OF MOIYEDENUM DISILICIDE POWDER

Reaction. - High-purity silicon and molybdenum as -325 mesh powder
in the ratio of 2 gram atomlc weights to 1 were mixed by passing
them twice through a set of three 100-mesh sieves. After further hsnd
mnixing, the powders were tamped into large fire-clsy crucibles and
ignited with a little chromic oxide and molybdenum igniter.

Grinding. - After cooling, the semisintered mase ©f raw MoSip was

broken up by passing it through a Jjaw crusher; it was then ground in
steel jar mllis with the following charge: spproximetely 5 pounds of
raw MoSip, twice this volume of steel balls graded from 1/4 to 3/4 inch

in dismeter, and distilled water to £111 one-half the volume of the
2-gallon mills. The material wes ground for 96 houre at 43 rpm.

Commercial high-purity MoSi, was ground as described except that

elther amyl aelcohol or cyclohexane, as noted, was substituted for water
in a similsr charge. -

Purification. - The ground meterisl was leached with hot, 5 percent
hydrochloric acid to remove lron contamination from the milling opera-
tion. The liquor was removed first by decantation and then on Buchmer
filters until & clean filtrate was obtained. Cold, 5 percent nitric _
acid was then passed slowly through the filter cake for a 3-hour perlod.
After a water wash the cake was broken up and sllowed to stand overnight
in a 10 percent sodium hydroxide solution at 80° to 100° F to dissolve
the silice. After filtration from the caustic solutlon, the material
was washed wlith more of the hot hydrochloric acld solution for the
removel of regidusl impurities until a clear filtrate was obtained.
After a brief water wash, the cake was allowed to stand In air overnight

for preliminary drying. Drying was completed in vacuum to a pressure
of 1 millimeter. As MoSi, dries from a water suspension to & hard

cake, 1t was necessary to bresk up the dried material in s mortar so as
to pass a 100-mesh sleve. One lot of powder prepered by this method
was used for all the carbon addition experiments and is referred to by
its lot number, 15.

The commercial material milled in organic liquide wes not purified
but merely dried as much as possible on the filter and then further
dried in vacuum.




16

L Y | NACA RM E52BO6

REFERENCES

Maxwell, W. A.: Properties of Certain Intermetallics as Related to
Elevated~Temperature Applications. I~ Molybd.enmn Disilicide.
NACA RM E9GO1, 19489.

Long, Roger A.: Feabrication and Eroperties of Hot-Pressed Molybdenum
Digilicide. NACA RM ES5QF22, 1950. '

Deutech, George C., Repko, Andrew J., and Lidman, William G.:
Elevated-Temperature Properties of Severa.l Titanium Carblde Bage
Ceramals. NACA TN 1915, 1949.

Hillebrend, W. F., and ILundell, G. E. F.:! Applied Inorganic
Analysis. John Wiley & Somns, Inc., 1929, p. 880.

Maxwell, W. A.: Oxidstion-Resistance Mechanlsm and Other Properties
of Molybdenum Dilsilicide. NACA RM E52A04, 1952.

Beidler, E. A., Powell, C. F., Campbell, L. E., and Yntema, L. F.:
The Formation of Molybdemum Disiliclde Protective Coatings on _
Molybdenum. Jour Electroch.emica.l Soc., vol. 98, no. l, Jan. 1951,
pp. 21-25. - - e h_

Lidmen, W. G., and Hemjian, H. J.: Properties of a Boron Carbide-
Iron Cersmal. NACA TN 2050, .1950.

Anon.: Metsl Ceramics. Machine Design, vol. 22, no. 10, Oct. 1950,
pp. 101-102.

Blumenthal, H., Glaser, F. W., and Steinitz, R.: Cemented Borides.
Summery Report = Feb. 1, 1949 to Dec. 1, 1850. Electro
Metal Corporation (Yonkers, N. Y.).(Contract N6-ONR-256, Task
Order 1, NR 031-100.)

6552



6523

NACA RM

E52B06

17

TABLE I - STRENGTH AND CARBON CONTENT RELATTONS OF SINTERED

MOLYBDENUM DISILICIDE (LOT 15)

~RKAR
Carbon content Oxygen content|Density| Modulus of rupture
(percent) in sintered |(g/ml) (1b/sq in.}
bar
In powder In S%ggered (percent) at 2000° F(at 1800° F
80.08 0.09 1.4 6.02 50,500
6.02 51,000
5.75 | P4g,500
5.73 | P51,600
.18 .15 — 5.92 87,800
5.92 87,200
. 60 .29 1.2 5.88 84,700 68,500
5.88 87,800 66,000
.62 .27 —— 5.82 81,800
5.83 84,000
.98 .35 1.0 5.82 50, 700
5.82 43,900
3.78 1.76 0.15 4.9 18,300

80riginally present in powder; no addition.
Pgintered for 5 min at 2550° # 50° F.

TABLE IT - EFFECT OF HOT-FRESSING VARTABLES ON DENSITY AND

STRENGTH OF COMMERCIAT. MOLYBDENUM DISILICIDE

[Pressure, 2400 1b/sq in.; grinding liquid, cyclohexaneﬂ

Grinding| Tempera~| Time at tem-|Density|Average modulus of Remsxrks
time ture perature |(g/ml) |rupture at 2000° F
(br) (°F) (hr) (1b/sq in.}
0 2900 2 ——— ] e Incipient
sintering only
o 3100 1/2 m——— | mmeme- Partial sinter-
ing
8 3100 1/2 6.01 60,800
16 3100 1/2 6.20 74,800
16 3200 1/2 6.20 61,900




TABLE X111 - CHEMICAL ARALYELS OF VARIOUS FORMS OF MOLYBDERDM DISILICIDE

Meterial Grinding Conditlons Comporition
Grinding| ldqnd Molyhdenum| Silicon | Caxbor Onygen | Hitrogen Other
1(‘1#? (percent) |(percent)|(percent)| (parcent)| (phrcent)
Fowdars prepared at Lewis laboratory
Lot 6, reported in referenca 1 16 water 63.18 36. 40 0.08 0.40 0.02 e
Iot 15, a5 powder 98 wvater 61.58 32.88 087 1.5 .08 a
Lot 15, sintered bar, mo carbon sddition | --- |  —=ea- 61.58 33.16 .09 1.4 — a
Lot 15, sintared bar with carbon addition ~== |  <-me- 62.23 32.70 .29 1.2 ——
1ot 15, aimtered bar with carbon eddition --- ————— 82.72 335.82 .35 1.0 .04
Lot 15, eintered bar with carbon additiony --- r—r— 63%.38 X35.56 1.76 .18 .0l
Commarclal MoSla . p
. An received, fivst lot | -—- —m— 63,78 35.14 Nel 11 ==
Ground : 1 24 Yoyl aleoho o ’ ' 1 .21 i © 45 {1.58 percext iren
Ground | 144 oyl alco 80.68 54.09 -2B 2.1 .26 5.35 percant iron
As received, second lat : | e 63.12 35.26 <13 Jd4 03
Ground 18 eyeldl || 6z.61 34.81 35 || o2
Hot-precsged bars L N il 62.15 54.79 34 .42 .08 82 percent iron

aSpec}'.og:m;:vh:l.c: spalysis ghowad traces of iron, ntickel, copper, cobalt, and chromium present.

~mme
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(b) Chromium-plated die opened for removal of pressed bar,

Figure 1. - Opposed pressure press used In preparation of bars.
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area identical with

ight;
figure 2(a).

Unetched; polarized 1

(b)

(&) Unetched; normal light.
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{c) Btched with potassium hydroxide and potaseiom ferricyanids; mormal light.
Photanicrographs of hot~pressed large-grain molybdenum disilicide specimen; X100D.

Flgore 2. -
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(b) Sintered MoBin ber containing 0.35 percent cerbon; {¢) Ares shown in Figuve 3(b); polarized light.
unetehed; normsl light.
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Figure 5, - Photomicrogrsphs of cold-pressed and sintered fine-grain molybdenmum disilielde from lot 15; X1000.
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Flgure 4. - Comparison of modulus-of-rupture strenghths of molybdenum disilicide as produced by various wethods.
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Figurs 5. - Comparative high-temperature plastialty of varicus £orms of molybdenum disilicide.
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Flemure stress

Approximate elonga.tio;.

Method of

Specimen (1v/8q in. ) stress bottom fibre (percenf:) preparation | {percent) | {perceat)
1 28,9200 3%‘ 12.5 Sintering Q.09 1.4
2 28, 400 5% 2.1 Sintering .27 1.2
3 28,800 . 4 - - - Hot=pressing .34 .42
4 30,100 24 1.0 Hot-pressing 34 42

Figure 6. - Comperison of long-time deformastion charascteriestics of various forms of
molybdenum disilicide at 2000° F in flexure-creep evaluation.
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Modulus-of-rupture strength, 1b/sg io.

» * d
Material Reference
© Boron carblde 7
0O Aluminpum oxlde 8
¢  Zirconium boride 9
A  Titanimm carbide 3
V Biptered molybdenum Pig. 4 of present report
disllicide . o
13_0';(1_05 4 Hot-pressed molybdenum Fig. 4 of present report
© disellicide
1 ~] < A
P~ . Ao
8o e /77
adBRERN
% F\\\\‘\\jﬁ\s
40 -
. ——
e —] A —
. —
]
N
1
: N ~ES
1600 1800 2000 2200 2400 2600

Tempereture, °F

Figure 7. - Comparative modulus-of-rupture strength of five high-tewperature waterlals.

ny

90d2sH WY VOVH

g2




P o —
~ o mamanE t 2 e ]
NN ot a5 o, AE
c s .- zigsr Sl . P - o PP v
e s A > E LTk
Rt T T L e s
= —-.;:«__‘--_-_"’;_.,'-. : . ) - IR - 1
By PR A TS L R s
e 3 AR 3 pE
: e R k- : #
R ir s T .
.



